Redistribution of Terbium Ions Across Acetylcholine Receptor-Enriched Membranes Induced by Agonist Desensitization  by Lee, Thomas E. et al.
Biophysical Journal Volume 96 April 2009 2637–2647 2637Redistribution of Terbium Ions Across Acetylcholine Receptor-Enriched
Membranes Induced by Agonist Desensitization
Thomas E. Lee,† Anthony R. Chuang,‡ Matthew S. Marek,§ Sebastian Doniach,{ and Robert H. Faircloughk*
†Department of Information Technology, Gilead Sciences, Foster City, California; ‡Drexel University School of Medicine, Philadelphia,
Pennsylvania; §Cellular and Molecular Biology Program, University of Michigan Medical School, Ann Arbor, Michigan; {Departments of Physics
and Applied Physics, Stanford University, Palo Alto, California; and kDepartment of Neurology, University of California, Davis, Davis, California
ABSTRACT Using small-angle x-ray diffraction from centrifugally oriented acetylcholine receptor (AChR) enriched membranes
coupled with anomalous scattering from terbium ions (Tb3þ) titrated into presumed Ca2þ binding sites, we have mapped the
distribution of Tb3þ perpendicular to the membrane plane using a heavy atom reﬁnement algorithm.We have compared the distri-
bution of Tb3þ in the closed resting state with that in the carbamylcholine-desensitized state. In the closed resting state we ﬁnd
45 Tb3þ ions distributed in 10 narrow peaks perpendicular to the membrane plane. Applying the same reﬁnement procedure to
the data from carbamylcholine desensitized AChR we ﬁnd 18 fewer Tb3þ ions in eight peaks, and slight rearrangements of Tb3þ
density in the peaks near the ends of the AChR ion channel pore. These agonist dependent changes in the Tb3þ stoichiometry
and distribution suggest a likely role for multivalent cations in stabilizing the different functional states of the AChR, and the
changes in the Tb3þ distribution at the two ends of the pore suggest a potential role for multivalent cations in the gating of the
ion channel.INTRODUCTION
The Torpedo acetylcholine receptor, like its mammalian
muscle cousins, is resident in postsynaptic membranes where
it responds to the binding of two equivalents of acetylcholine
(ACh) by briefly (~ms) opening a cation selective pore.
Through the open pore Naþ and Ca2þ ions move down their
electro-chemical gradients from the outside to the inside of
the cell, depolarizing the postsynaptic membrane potential.
Not only does Ca2þ pass through the open ion channel
pore (1,2), but it also binds to the AChR resulting in altered
channel properties. As external [Ca2þ] is titrated to a level
just lower than physiological concentrations, one observes
an increase in channel opening rate and a decrease in channel
closing rate (1) with an overall potentiation of currents eli-
cited by the binding of acetylcholine. When [Ca2þ] exceeds
the physiological concentration, one observes an inhibition
of agonist-induced Naþ currents (1,2).
Using a nicotinica7:5-hydroxytryptamine receptor (5-HT3)
chimeric receptor consisting of the homopentameric a7-
AChR synaptic head covalently coupled to the trans-
membrane domain of the homopentameric serotonergic
5HT3, Galzi et al. (3) studied the Ca
2þ potentiation effect.
The homopentameric chimera Naþ(Kþ) currents are Ca2þ
sensitive unlike those in the Ca2þ insensitive and Ca2þ imper-
meable 5-HT3 receptor. The authors localized the Ca
2þ poten-
tiation to amino acids 161–172 of the a7-sequence with
primary roles played by D163 and E172. These two amino
acids are conserved in the Torpedo a, g, and d subunits, but
not in the b subunit.
Homologous to a7 D163 in the Torpedo d subunit is
D180, which has been localized within 9 A˚ of a192/193 at
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0006-3495/09/04/2637/11 $2.00an ACh-binding site of the Torpedo AChR (4). Mutation
of the Torpedo d D180 to N weakens the affinity of the
neurotransmitter by a factor of 100 (4). In the ACh binding
protein, for which an atomic resolution structure is available,
the homolog to a7 D163 is D161, whose COO group is in
direct contact with a Ca2þ ion in the refined structure (5).
Apart from the potentiation of agonist-induced currents by
Ca2þ, the Torpedo AChR bathed in physiological Naþ and
Ca2þ releases four to six Ca2þ ions per receptor on binding
ACh (6). Taken together, the aforementioned results indicate
the presence of two or three regions of the AChR where Ca2þ
interacts with the AChR to mediate functional effects.
In a previous study, we used Tb3þ to probe Ca2þ binding
sites on AChR enriched membranes (7). The membranes
treated with 50 mM Tb3þ were oriented in a centrifugal field,
and the samples irradiated at two x-ray energies selected to
tune the contribution of Tb3þ into and out of the small-angle
x-ray meridional diffraction pattern. The difference between
the diffracted x-ray amplitudes at the two x-ray energies
was used with heavy atom refinement to determine the loca-
tion and the amount of Tb3þ at each coordinate along an
axis perpendicular to the plane of the bilayer. In this manner
we identified six narrow clusters of Tb3þ density with a total
of 45–47 Tb3þ ions localized in these regions along an axis
perpendicular to the membrane plane (7). In this previous
study, the Tb3þ stoichiometry was determined by the relative
magnitude of the refined anomalous signal as well as spectro-
scopically with a Scatchard analysis of the depletion of Tb3þ
from solution by the Tb3þ binding to AChR enriched
membranes, and both indicated 45–47 Tb3þbound/AChR.
The current study returns to compare the distribution of
Tb3þ bound to a sample of AChR-enriched membranes de-
sensitized with 20 mM carbamylcholine with that of the
doi: 10.1016/j.bpj.2008.08.006
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with a new heavy atom refinement algorithm, with a slightly
larger refinement window used for both data sets. This is an
attempt to distinguish regions of Tb3þ density that change on
agonist desensitization of the AChR. The titration of closed
resting state AChR-enriched membranes and then of carba-
mylcholine-desensitized membranes indicates 44–45 and
27–28 bound Tb3þ/AChR, respectively. Refinement of the
two x-ray data sets shows 8–10 narrow peaks of Tb3þ
density in both samples with 45 Tb3þ and 27 Tb3þ bound
in the closed resting and desensitized states respectively.
Agonist-induced losses of roughly two or more Tb3þ ions
occur in five of the 10 Tb3þ peaks, and slight redistribution
of Tb3þ density occurs in two of the other regions. These last
two regions are aligned at the ends of the level of the ion
channel pore near the rings of carboxylates identified by
Imoto et al. (8) and the gate mapped by Karlin and colleagues
and summarized in Wilson and Karlin (9). The changes we
observe in Tb3þ density in the regions of the agonist binding
sites and at the ends of the ion channel pore suggest a role for
multivalent cations in the stabilizing the different functional
states of the AChR, a role for them mediating molecular tran-
sitions between states, and a role for them linking events in
the agonist binding domain to those in the ion channel
domain.
METHODS
Preparation of AChR enriched membranes
for titration and x-ray diffraction
Alkali-stripped ACh receptor-enriched membrane vesicles (10) were
prepared from frozen Torpedo electric organ as described in Fairclough
et al. (7). The AChR-enriched fractions at 3 mg of protein/mL from this
prep were stored in 10 mM phosphate buffer pH 7.8 with 1 mM EGTA,
1 mM EDTA, and 0.02% (w/v) NaN3 (buffer A) at 4
C. To prepare samples
for Tb3þ titration, the AChR-enriched membranes were removed from the
chelating agents in buffer A by 25-fold dilution in 10 mM PIPES buffer
FIGURE 1 Tb3þ titration of 0.50 mM closed resting state AChR-enriched
membranes (top line) and of 0.73 mM AChR-enriched membranes desensi-
tized with 20 mM carbamylcholine (bottom line). The binding data were
analyzed as described inMethodswith the two fits ( andþcarbamylcholine,
respectively) of the parameters yielding (D  A) ¼ 44.0 and 27.8; C ¼ 0.88
and 6.1 mM; B¼ 0.98 and 0.94. The determinations of the saturating amounts
of Tb3þ/AChR are quite close to those we observe in the x-ray analysis for
both samples.Biophysical Journal 96(7) 2637–2647pH 6.8 and pelleted for 30 min at 20,000 rpm in an SW65 rotor or 10 min
at 20 psi in an airfuge. The pellets were then resuspended in 10 mM PIPES
buffer pH 6.8 and diluted to 0.50 mM and 0.73 mM AChR in a total volume
of 36 mL of 10 mM PIPES pH 6.8, 100 mM NaCl, without and with 20 mM
carbamylcholine, respectively, and titrated with 0–80 mMTb3þ. Membranes
were spun in an airfuge for 10 min at 20 psi in a 30 angle rotor after which
4 mL of supernatant was assayed in 2.0 mL of aqueous solution of 10 mM
dipicolinic acid (DPA) and analyzed fluorometrically for Tb3þ using either
a Perkin-Elmer (Norwalk, CT) MPF-44A spectrofluorometer or an SLM
4800C spectrofluorometer (11). The DPA-Tb3þ assay was used to measure
the initial Tb3þ concentration as well as that of the supernatant. The differ-
ence was taken to reflect the amount bound to the pelleted membranes. The
[Tb3þ]b/[AChR] versus [Tb
3þ]f data were analyzed using y ¼ (A  D)/[1 þ
(x/C)B] þ D where y ¼ [Tb3þ]b/[AChR]; x ¼ [Tb3þ]free; C ¼ [Tb3þ]f at
1/2 (D  A); and B ~1.0, the Hill coefficient, and the parameters determined
by nonlinear least squares fit of A, B, C, and D with DeltaGraph Red Rock
Software (Salt Lake City, UT) and presented in Fig. 1.
For each sample to be x rayed, 150 mL (0.45 mg protein) of the
membranes were diluted to 5.0 mL in 10 mM PIPES buffer pH 6.8 and
pelleted in a Beckman (Palo Alto, CA) SW 65 rotor at 35 K rpm for 45
min. The pellet was suspended in 100 mL 10 mM PIPES buffer. This was
diluted to 3.6 mL of 10 mM-PIPES pH 6.8, 100 mM NaCl, 50 mM Tb3þ
 20 mM carbamylcholine, and spun at 50 K rpm for 22 H in the SW65 rotor
fitted with a membrane funnel and sample cell holder with Mylar windows
(12). After centrifugation the supernatant was removed by pipette, the top
of the pellet was dried of excess buffer with a tightly rolled Kimwipe
(Kimberly-Clark, Roswell, GA), and the cell was sealed with silicone high
vacuum grease (Dow Corning, Midland, MI), and the sealed sample cell
disc was stored at 4C until placed in the small-angle x-ray camera.
Small-angle x-ray diffraction experiments
with anomalous scattering
Small-angle x-ray diffraction experiments were conducted at the Stanford
Synchrotron Radiation Laboratory as described previously (7). Centrifugally
oriented membranes were maintained at 4–6C on the camera with a Lauda
water bath to help preserve membrane orientation. Meridional diffraction
intensities were recorded with a linear position-sensitive detector by aligning
the membrane sample with the average orientation of the membrane planes
parallel to the x-ray beam and perpendicular to the wire of the linear detector.
Equatorial intensities were subsequently recorded for the same sample by
rotating the sample 90 about the x-ray beam so that the orientation of the
membrane planes was parallel to the wire of the detector. Both meridional
and equatorial data were acquired using a Gabriel (13) linear position-sensi-
tive proportional counter with delay line encoding (14,15). The raw scat-
tering intensity profiles versus the scattering variable, s, were calculated as
described in Fairclough et al. (7) by averaging the intensities from the two
sides of the beam stop and correcting the meridional signal at each energy
for Tb3þ x-ray fluorescence. The meridional and equatorial profiles were
collected at five x-ray energies: 7505, 7510, 7515, 7518, and 7525 eV.
However, only the 7505 and 7515 eV data in each case (carbamylcholine)
were used in the anomalous scattering analysis of Tb3þ location relative to
the phosphate headgroups of the lipid bilayer. The equatorial intensity
profile was used as a guide to obtain the diffuse background scattering to
subtract from the raw meridional profile to obtain the oriented meridional
intensity profile at each of the two energies. For carbamylcholine treated
and untreated membranes, the meridional intensity profile at 7515 eV was
subtracted from that at 7505 eV respectively to arrive at the oriented anom-
alous difference profiles in the presence and absence of carbamylcholine.
These are presented in Fig. 2.
Conversion of anomalous intensity differences
to amplitude differences
For the membranes not treated with carbamylcholine, the oriented meridi-
onal intensities as a function of s are corrected for the finite size of the
ACh Receptor Tb3þ Binding Sites 2639beam (bhw) and the membrane orientation factor (tanq) that accounts
for the smaller fraction of membranes oriented to diffract x rays to large
values of s as described in Fairclough et al. (7) in which Icorrected(s) ¼
Iraw(s)[(bhw þ s$tanq)/bhw]2. In this study bhw was 0.0018 A˚1, and
tanq ¼ 0.141. The corrected intensities are then used to calculate the
observed amplitudes, Fo-7505(s) and Fo-7515(s), by extracting the square
root of the corrected intensities at each value of s. A final scaling of the
amplitudes was applied by matching the integrated area under the pattern
to the area under the Fourier transform of the scaled membrane electron
density profile presented by Klymkowsky and Stroud (16).
For the membranes treated with carbamylcholine, the only data that is
accessible is a hard copy of the DI7505–7515(s) versus s before correction
for the finite beam size and membrane orientation correction and final
scaling. (The original uncorrected I7505(s) and I7515(s) were not retrievable
from the tape on which these files were saved.) To arrive at the corrected
amplitudes, F(s) versus s, a slightly more involved data reduction was
used. The DI(s) of the carbamylcholine treated membranes was added to
the I7515(s) calculated from Fo-7515(s) of the sample untreated with carbamyl-
choline to give the I7505(s) for the sample treated with carbamylcholine. Each
of these intensities is then corrected for the finite beam width and membrane
orientation and final scaling using the same values for these factors as was
used for the sample without carbamylcholine treatment. The use of the
F7515(s) from the membranes not treated with carbamylcholine for that
from membranes treated with carbamylcholine is justified by the lack of
observed carb induced structural change of the AChR along the axis t to
the bilayer in an electron microscopic study (17) as well as the small calcu-
lated contribution to F7515(s) of the carb induced change in Tb/AChR ratio
(see Fig. S1 in the Supporting Material for a flow chart of this data treatment
and the justification for the substitutions we make).
Reﬁnement of the Tb3þ ion distribution
The refinement of the Tb3þ distribution builds on the observables at the two
x-ray energies, 7505 and 7515 eV: Fo-7505(s) and Fo-7515(s). Tb
3þ contrib-
utes more scattering power at 7505 eV than at 7515eV, and because the
sample remains the same, the diffraction data collected at these two energies
provides the raw data for an isomorphous ‘‘heavy atom refinement’’ exer-
cise. Using the Fo-7515(s) (Fig. 3 a) and the constrained iterative refinement
procedure of Agard and Stroud (18), a refined electron density in a 260 A˚
FIGURE 2 DI(s) ¼ I7505(s)  I7515(s) meridional diffraction difference
intensity data for membranes without and with 20 mM carbamylcholine as
a function of s in A˚1.window across the membrane is determined (Fig. 3 b). This is back
transformed to compute the phases, 4(s) (Fig. 3 c), which are combined
with Fo-7515(s) to calculate the complex amplitudes at 7515 using Eq. 1:
Fr-7515(s) and Fi-7515(s).
Fr7515ðsÞ ¼ Fo7515ðsÞ  cos4ðsÞ
Fi7515ðsÞ ¼ Fo7515ðsÞ  sin4ðsÞ: (1)
The Tb3þ distribution refinement begins with a random distribution of
45 Tb3þ ions in a 220 A˚ window along an axis, X, perpendicular to the
bilayer plane. Each Tb3þ ion is modeled as a Gaussian function centered
FIGURE 3 (a) Fo-7515(s) measured meridional diffraction amplitude
versus s in A˚1. (b) Electron density distribution across the membrane lipid
bilayer relative to water, generated from constrained iterative refinement of
Fo-7515(s) data presented in a. (c) Phases, 4(s), produced by the back trans-
form of the calculated electron density presented in b, and used in Eq. 1 to
generate the complex amplitude of the membrane Fr-7515(s) and Fi-7515(s)
used in the refinement scheme to obtain the positions and amplitude of the
Gaussians as described in Methods and outlined in Fig. S2.Biophysical Journal 96(7) 2637–2647
2640 Lee et al.at Xi (with i ¼ 1,.,45) with amplitude, A, and the temperature factor, B,
fixed at 78.96A˚2. The refinement was carried out in a 220 A˚ window slightly
smaller than the 260 A˚ window used for the constrained iterative refinement
of the membrane and yet larger than the expected dimension across the
membrane from the AChR structural model from Unwin’s electron micro-
scopic study (19). This window was chosen as the smallest that enabled
the prediction of most of the major features of the anomalous amplitude
differences (see Fig. 5).
The initial Tb3þ distribution is used to calculate the contribution of the
Tb3þ ions to the complex amplitude at 7505 eV using Eqs. 2 and 3:
GrðsÞ ¼
P
n A  eðB s
2=4:0Þ  cosð2  p  s  XnÞ
GiðsÞ ¼
P
n A  eðB s
2=4:0Þ  sinð2  p  s  XnÞ:
(2)
These complex amplitudes are combined with those from the refined 7515
eV membrane diffraction data using Eq. 3 to arrive at an estimate of the
amplitude at 7505 eV.
Fc7505ðsÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðFr7515ðsÞ þ GrðsÞÞ2þðFi7515ðsÞ þ GiðsÞÞ2
q
:
(3)
FIGURE 4 (a) Distribution of R-factors for ~2000 Tb3þ distribution
solutions for membranes in the closed resting state. (b) Distribution of
R-factors for ~1800 Tb3þ distribution solutions for carbamylcholine-desen-
sitized membranes.Biophysical Journal 96(7) 2637–2647The positions of the Gaussians are adjusted iteratively along with the
amplitude, A, to minimize the difference between the calculated amplitude
at 7505eV, Fc-7505(s), and the observed amplitude at 7505eV, Fo-7505(s).
This difference is evaluated by calculating the R-factor defined by Eq. 4:
R ¼
X
s
ðFc7505ðsÞ  Fo7505ðsÞÞ2=
X
s
ðFo7505ðsÞ
 Fo7515ðsÞÞ2: (4)
When no further adjustment of the positions and amplitude result in
a decrease in the value of R, the final positions (the Xi), the amplitude,
and the R-factor constitute a ‘‘solution’’ that is saved to a database as a
Tb3þ distribution solution. This process, beginning with a different ran-
dom distribution of 45 Gaussians, is repeated until several thousand Tb3þ
distribution solutions are accumulated (Fig. 4).
This simple algorithm, summarized in Fig. S2, has the advantage of being
easily distributed across many computers, where each computer indepen-
dently follows the algorithm outlined in the flow chart. Software written
in the programming language C# allows this process to run as a background
task on desktop computers running the Windows operating system. Tb3þ
distribution solutions are accumulated in a SQL Server 2000 database
(Microsoft Software, Redmond, WA).
The five Tb3þ distribution solutions with the lowest R-factors were used
with Eq. 5 and m¼ 1,.,5 to calculate an average Tb3þ distribution solution
with the R-factor lowered by an additional 1%–2%:
GrðsÞ¼
P
nm Am eðB s
2=4:0Þ cosð2 p s XnmÞ

=5
GiðsÞ¼
P
nm Am  eðB s
2=4:0Þ sinð2 p s XnmÞ

=5:
(5)
For a visual assessment of how well the refined Tb3þ distribution predicts
the observed anomalous scattering data, we compare the observed
anomalous amplitude differencesDFo(s)¼ Fo-7505(s) Fo-7515(s) with those
calculated from Fc-7505(s) Fo-7515(s) and present them in Fig. 5, a and b for
membranes untreated and treated with carbamylcholine. The refined distri-
butions along with the averages themselves are presented in Fig. 6, a and b.
Determination of the Tb3þ/AChR stoichiometry
The areas under the average curves in Fig. 6, a and b, were used along with
the area under Fig. 3 b to determine the Tb3þ/AChR stoichiometry in the two
samples (see Eq. 7). Equation 6a expresses the relationship between the
number of Tb3þ ions (NTb) in the irradiated sample volume (V) and the
electron density profiles (Fig. 6, a and b), where seven electrons per Tb3þ
ion contribute to the anomalous difference. Similarly, Eq. 6b expresses the
relationship between the electron density profile of AChR membranes
relative to water (Fig. 3 b) and the number of AChR (MAChR) in the same
volume, where NeAChRþTb is the number of electrons in AChR with bound
Tb3þ ions, and NeH2O is the number of electrons in water displaced by
AChR.
ð7  NTb=VÞ ¼ k
Xz¼ 100
z¼120
Dr75057515; (6a)
ðNeAChRþTb  NeH2OÞ  MAChR=V ¼ k
Xz¼ 100
z¼120
DrAChR-H2O:
(6b)
Dividing Eq. 6a by Eq. 6b and solving for NTb/MAChR the number of Tb
3þ
ions per receptor, one finds (Eq. 7):
ACh Receptor Tb3þ Binding Sites 2641NTb=AChR ¼ NTb
MAChR
¼ ðNeAChRþTb  NeH2OÞ
7

Pz¼ 100
z¼120
Dr75057515
Pz¼ 100
z¼120
DrAChR-H2O
:
(7)
For purposes of calculating the difference between the number of electrons
in the AChR/Tb complex and the number of electrons in the displaced water,
we have estimated the number of Tb3þ ions per receptor (NTb/AChR) in the
closed resting state to be 45 Tb/AChR. The number calculated using
Eq. 7 turns out to be 45. Using the ratio of anomalous electron density in
the carbamylcholine treated sample to that in the nontreated sample along
with the 45 Tb, we find 27 Tb/AChR in the carbamylcholine sample. Table 1
summarizes the values used in these calculations. The total number of Tb3þ
ions is then distributed into the narrow domains by the fractional area of each
domain and summarized in Table 2. We have not included several minor
FIGURE 5 (a) Anomalous difference amplitude, DF(s) from membranes
in the closed resting state (noisy), compared with average of the five best
refined solutions (smooth) plotted as Fc-7505(s)  Fo-7515(s). Calculated
curves from individual refined solutions, which formed the average, are pre-
sented in the inset. (b) Anomalous difference amplitude, DF(s) from AChR
enriched membranes in carbamylcholine-desensitized state (noisy),
compared with the average of five best refined solutions (smooth) plotted
as Fc-7505(s)  Fo-7515(s). Individual refined solutions, which formed the
average, are presented in the inset.domains in Table 7, which accounts for the apparent shortfall in total
Tb3þ in the table. However, we have included some of these small domains
in Fig. 8 and not included the 4–5 Tb3þ in peak 1 so that the total illustrated
in Fig. 8 is 40 bound Tb3þ ions.
RESULTS
Changes in Tb3þ binding on carbamylcholine
desensitization
AChR-enriched membranes depleted of Ca2þ ions by
storage in 1 mM EGTA, 1 mM EDTA phosphate buffer
pH 7.8, then removed from the low ionic strength chelating
phosphate buffer and suspended in PIPES buffer pH 6.8, 100
mM NaCl at 0.5 mM AChR, and finally titrated with Tb3þ
ions, show 44–45 available Tb3þ sites/AChR with a dissoci-
ation constant of 0.88 mM as shown in Fig. 1 (top line),
a reworking of the data from Fairclough et al. (7). A similar
titration carried out on AChR-enriched membranes in the
presence of 20 mM carbamylcholine produced only 27–28
available sites/AChR with a single dissociation constant of
6.1 mM as shown in Fig. 1 (bottom line).
FIGURE 6 (a) Five best refinement solutions (light lines) and average
of five solutions (darker line) for data without carbamylcholine plotted in
real space. Y axis is electron density of Tb3þ relative to water. (b) Five
best refinement solutions (light lines) and average of five solutions (darker
line) for data with carbamylcholine plotted in real space. Y axis is electron
density of Tb3þ relative to water.
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2642 Lee et al.TABLE 1 Integrated electron densities and numbers for ﬁnding Tb3þ/AChR stoichiometry
Quantity Value
Pz¼100
z¼120
DrAChR-H2O
1.291, from Fig. 2 b
Pz¼100
z¼120
Dr75057515
0.04159, from Fig. 6 a (closed resting state)
0.02541, from Fig. 6 b (carbamylcholine desensitized state)
ðNeAChRþTb  NeH2OÞ 9890, where the number of Tb3þ electrons was 45 62¼ 2790, the number of electrons from AChR was 0.5 (268,000)¼ 134,000,
and the number of electrons from displaced water (126,900) was the volume of a receptor times (0.334 e/A˚3) with the volume of AChR
taken as 380,000 A˚3 (16) and estimates based on the Unwin structural model of the AChR (19)The anomalous amplitude signal
AChR-enriched membranes treated in a similar manner as
above in the presence and absence of 20 mM carbamylcho-
line and 50 mM Tb3þ are centrifugally oriented, and the
prepared samples used to diffract x rays into the small-angle
range (0.007 A˚1 < S < 0.08 A˚1) at the two x-ray energies
that are studied in this report: 7505 and 7515 eV. The dif-
fracted intensity data sets at the two energies are converted
to the respective amplitudes, Fo-7505(s) and Fo-7515(s), for
both carbamylcholine-treated and untreated samples. For
each sample the two amplitude data sets are quite similar.
However, by subtracting 7515 eV amplitudes from 7505eV
amplitudes, i.e., Fo-7505(s) Fo-7515(s), one detects an anom-
alous difference ‘‘wave’’ that is dependent on the Tb3þ ion
distribution (7). The differences between the 7505eV and
7515eV amplitudes (Fig. 5) serve as the basis for refining
the Tb3þ distribution in these two samples.
Application of the reﬁnement scheme
The refinement scheme described in the Methods used four
Pentium computers over a 1-month time period. We refined
the preexponential amplitude factor and the positions of
45 randomly positioned Gaussian functions in a 220 A˚
window for 2000 initial Tb3þ ion distributions constrained
by the anomalous diffraction data recorded in the absence
of carbamylcholine. The refinements generated Tb3þ distri-
TABLE 2 Reﬁned peak characteristics
Peak Position (A˚) No. of Tb carb (þcarb) FWHM (A˚)
1 95.0 4.8  0.7 (3.0  0.5) 16.9
2 35.0 9.3  1.3 (4.8  0.5) 11.2
3 16.5* 2.9  1.2 10.0
4 4.5* (8.0) 2.5  1.5 (4.5  1.2) 10.0 (13)
5 9.0 5.3  1.6 (3.5  0.6) 9.5
6 25* (26) 2.0  1.0 (3.0  0.6) 7 (10)
7 32* 1.0  0.7 6
8 48.0 2.8  0.3 (1.0  0.4) 8.0
9 62.0 6.3  1.0 (3.0  1.1) 10.0
10 76.0 4.3  0.6 (2.5  0.4) 10.0
*Two adjacent peaks in the absence of carbamylcholine seem to coalesce
into a single peak in the presence of carbamylcholine (italic). Overall
Tb3þ/AChR 45.1  5.3 (27.1  2.2); D ¼ 18.0  7.5 Tb.
FWMH, full width at half maximum.Biophysical Journal 96(7) 2637–2647bution solutions with minimum R-factors ranging from
0.1747 to 2.5 displayed in Fig. 4 a. Over a similar time
period the refinement of the amplitude and 45 Gaussian posi-
tions for the anomalous data from the sample treated with
carbamylcholine generated 1800 Tb3þ ion distribution solu-
tions with R-factors ranging from 0.2187 to 4.200 displayed
in Fig. 4 b. In Fig. 4 one also sees the solutions with the
lowest R-factors are bunched in a rather narrow range:
0.17–0.21 for the minus and 0.21–0.28 for the plus carba-
mylcholine treated samples, respectively.
The reﬁned Tb3þ ion distributions
ThefiveTb3þ distribution solutionswith the smallestR-factors
are each used to predict the anomalous difference amplitudes,
Fc-7505(s)  Fo-7515(s), which are plotted with the observed
difference in Fig. 5 a, inset, for membranes without carbamyl-
choline and in Fig. 5 b, inset, for membranes with carbamyl-
choline. In each case (carbamylcholine) the five best
distributions were averaged to produce a new distribution
with improved R-factors of 0.1721 and 0.2149, respectively.
The calculated amplitude differences for the average Tb3þ
distributions overlay the experimentally observed differences
for the  and þcarbamylcholine treated samples in Fig. 5,
a and b, respectively. The Tb3þ ion distributions themselves
are presented in Fig. 6, a and b, respectively with the dark
line being the average distribution in each case. Averaging
more than thebest fivedistributions didnot produce an average
distribution with an R-factor better than the individual solu-
tions. The average distributions in Fig. 6, a and b, when inte-
grated from 100 to120 A˚ and compared with the integrated
membrane distribution over the same interval from Fig. 2 b,
show the stoichiometry of Tb3þ/AChR in the two samples of
45 and 27, respectively, for the carbamylcholine untreated
and treated samples, respectively.
Fig. 7 presents the two average Tb3þ distributions along
with the membrane electron density distribution perpendic-
ular to the bilayer, aligned with the Ca trace of the Unwin
structural model of the AChR ((19); PDB accession code
2BG9). The model is aligned by eye with the transmembrane
helices of the AChR model centered between the two major
peaks of electron density from the phosphate headgroups
at 11 A˚ and þ32 A˚.
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distributions carbamylcholine
The Tb3þ distribution across membranes in the closed
resting state (Fig. 7, green curve) consists of three major
narrow (FWHM ~10 A˚) peaks of > 5 Tb3þ ions in the
220 A˚ window and seven minor peaks of <5 Tb3þ ions
each. The location and occupation of these peaks are summa-
rized in Table 2. Referring to Fig. 7 and Table 2, the three
major peaks fall in 1), the middle of the extracellular head
at 35 A˚; 2), the transmembrane domain at þ9 A˚; and 3),
the cytoplasmic extension at þ62 A˚. Each of these groups
retains ~50% of the bound Tb3þ ions in the carbamylcho-
line-desensitized state.
Among these major peaks, the one (peak 2 in Table 2) at
35 A˚ represents nine Tb3þ ions and maps to a location just
a short distance closer to the bilayer than the agonist binding
site (the two CPK space filling C-loops on the side of the
AChR model). This region of the AChR seems to bind only
five Tb3þ ions in the carbamylcholine-desensitized state.
This peak seems to correlate in location on the AChR to the
location of the five Ca2þ binding sites on the periphery of
the ACh-binding protein (5), but with a nine Tb3þ stoichiom-
etry likely includes additional sites on thewall of the vestibule.
FIGURE 7 Electron density of membranes (0.01) (red, from Fig. 3 b)
relative to water along an axis, X, perpendicular to the bilayer plane of
AChR-enriched membranes, and the average Tb3þ electron density distribu-
tion across the AChR-enriched membranes in the closed resting state (green,
the average from Fig. 6 a) and in the carbamylcholine-desensitized state
(blue, the average from Fig. 6 b). In the membrane electron density profile
(red curve), the peaks at 10 and 35 A˚ locate the electron dense phosphate
headgroups of the extracellular and cytoplasmic facing leaflets of the bilayer,
respectively. Extracellular protein density extends to the left of the extracel-
lular phosphates and the cytoplasmic protein density extends to the right of
the cytoplasmic facing phosphate groups. Aligned with these profiles is the
Ca trace of the 4 A˚ model of the AChR from Unwin (19). This model,
presented for reference purposes, has the acetylcholine binding sites marked
by the b-hairpin C-loops of the two a subunits (185–199) in CPK space-
filling side-chains, and then the transmembrane extracellular, intermediate,
and cytoplasmic Imoto rings (8), also highlighted in CPK space-filling
format. The 10 refined peaks in the Tb3þ ion distribution of the closed
resting state are numbered left to right and correspond to the peaks listed
in Table 2.Somewhat surprising among the major peaks is peak 5
with 5.3 Tb3þ ions centered at 9.0 A˚. With these Tb3þ
ions representing a total positive charge of 15, this group
seems to be charge-balanced by only the three negatively
charged carboxylates of the Imoto intermediate ring around
the pore (8). This Tb3þ group presents an interesting
dilemma: what is holding the multivalent cations at this loca-
tion? In the desensitized state we find two less Tb3þ ions at
this location.
The last of the major peaks (peak 9) is found at 62 A˚ with
six Tb3þ ions in the resting state but only three in the desen-
sitized state. This peak clearly lies in the cytoplasmic domain
of the AChR with the amphipathic helix of each subunit the
only structural motif displayed in the 4 A˚ model (19) with
some 67–100 amino acids of each subunit not displayed.
The amphipathic helices do provide potential chelating
possibilities for this peak.
The minor peaks appear to be slightly broader than the
major peaks with the one at 95 A˚ (peak 1) located surpris-
ingly some 25 A˚ above the protein synaptic head of the
AChR and representing 4.8 Tb3þ ions. Despite the Tb3þ
density in this peak falling well above the top of the protein
synaptic domain of the Unwin model (Fig. 7), desensitization
of the AChR with carbamylcholine results in the binding of
approximately two fewer Tb3þ ions in this cluster and the
binding of one Tb3þ in several peaks (blue curve 120 A˚ <
X<50 A˚) at the ‘‘noise’’ level of the experiment. A second
dilemma thus arises: what is anchoring the Tb3þ ions at this
location above the protein synaptic domain?
The minor Tb3þ cluster (peaks 3 and 4) between 20 and
0 A˚ maps to a location in the 4 A˚ model (19) near the synaptic
side junction of the b-strand domain with the a-helical
domain and the extracellular entrance to the ion channel
pore. In the closed resting state, this cluster is bifurcated
with two or three Tb3þ ions centered at 19 and at 4 A˚.
In the presence of carbamylcholine these two coalesce into
a broad four to five Tb3þ group peaking at –10 A˚. This group
maps close to the Imoto extracellular ring and the carbonyl
backbone of the intermediate ring of carboxylates (8).
Another minor cluster (peaks 6 and 7) at 26 A˚ displays one
to two Tb3þ ions in each of another bifurcated group in the
closed resting state that in the desensitized state appear as
a single peak of three Tb3þ ions at 26 A˚. This group maps
to a level at the cytoplasmic end of the ion channel pore cor-
responding to the Imoto cytoplasmic ring of carboxylates (8).
The Tb3þ ions in the bifurcated groups in the resting state at
either end of the pore seem to redistribute along the normal
to the membrane on carbamylcholine desensitization.
The final two minor peaks (peaks 8 and 10) are centered
at 48 and 76 A˚ in the cytoplasmic domain and represent
a total of seven Tb3þ ions also perhaps associated with the
five amphipathic helices that jut into the cytoplasm and/or
the cytoplasmic 67–100 amino acids of each subunit that
are not present in the 4 A˚ model. In the desensitized state
these clusters represent a total of only three to four Tb3þBiophysical Journal 96(7) 2637–2647
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state compared with the closed resting state is ~18  7.5
Tb3þ ions.
DISCUSSION
Analysis of the current reﬁnement scheme
compared with previous scheme
The previous heavy atom refinement (7) was carried out only
on the data collected from AChR enriched membranes in the
absence of carbamylcholine, and the analysis was modeled
after the crystallographic heavy atom refinement scheme of
Dickerson et al. (20), modified to handle continuous small-
angle x-ray diffraction data rather than crystallographic reflec-
tions. A refinement window of 150 A˚ was used, and the six
‘‘clusters’’ initially identified in the Fourier difference map
were refined. Attempts to refine the positions, amplitudes,
and B-factors simultaneously of these six clusters did not
converge. As a result the B-factors of the clusters were fixed
at values obtained from previous refinements using smaller
numbers of clusters. Then the positions and amplitudes of
the six clusters were simultaneously refined with the fixed
B-factors to obtain the lowest R-factor refined solution. The
quantitative analysis of the refined anomalous x-ray signal
at s¼ 0.0 A˚1 of Fo-7505(s)Fo-7515(s), aswell as aTb3þ titra-
tion of the membranes yielded 45 Tb3þ/AChR. In Fairclough
et al. (7) the membrane electron density profile was mistakenly
reversed relative to the refined Tb distributions in Figs. 4 and 5.
In the new refinement we have rectified these glitches.
With the enhanced data storage capabilities and the
increased speed of individual personal computer processors
currently available, we have exploited these capabilities
with the refinement procedure used in the current studies.
Both methods use exactly the same calculation to measure
‘‘goodness of fit’’ between solution and data, and both
methods attempt to find a minimum R-factor in the solution
space. The fundamental difference between the two methods
is the degree to which the solution space is explored. Because
of the limited computing power in 1983 and 1984, the original
refinement used a derivative of the Dickerson et al. (20)
method for finding a minimum R-factor in the solution space.
The method used in this publication explores the solution
space to a much greater extent due to many orders of magni-
tude increase in computing power. The new scheme over-
comes some of the limitations imposed by the previous
scheme. The 150 A˚ window used in the previous refinement
was unable to predict the bifurcated peak at 0.02 A˚1 in the
anomalous difference ‘‘wave’’ collected for the carbamylcho-
line treated membranes (Fig. 5 b). However, expanding the
window to 220 A˚ did enable us to predict the bifurcation of
the first peak seen at 0.02 A˚1 in the DF data of Fig. 5 b.
The current refinement scheme enables us to skirt the previous
refinement’s convergence problem. These two factors
together enable us to lower the R-factor from ~0.5 to ~0.2.
We also get a sense of the statistics of the differences fromBiophysical Journal 96(7) 2637–2647the mean of Tb3þ density in each cluster with the model’s
corresponding fits and R-factors of the diffraction data. These
statistics are much harder to extract from the prior least
squares minimization procedure. The choice of 45 Gaussians
is not critical because we also refine the A factor. For example
in the þcarbamylcholine refinement, we find only 27 Tb3þ
ions even though we start with 45 Gaussians.
What is learned about the AChR from this study?
Overall considerations
We find that at 50 mM, Tb3þ preferentially binds to the
protein rather than to the lipid bilayer phosphate headgroups.
This may be the result of low density of lipids in the AChR-
enriched membranes preventing enough phosphates from
chelating the Tb3þ with its high coordination number of
6–8, or the [Tb3þ] is too low to effectively complex with
the low density of headgroups, or alternatively, a small
amount of Tb3þ does bind, but it is in the noise level of
the experiment. We find the refinement procedure applied
to both  carbamylcholine data sets, results in roughly
similar Tb3þ ion distributions, but with some 18 fewer
Tb3þ ions associated with the AChR in the desensitized
state. This is very close to the decrease in Tb3þ binding to
carbamylcholine treated AChR enriched membranes
compared with untreated membranes observed with the spec-
tral Tb3þ titrations. Interestingly, the groups of Tb3þ at the
levels marking the ends of the cation selective pore (peaks
3,4 and 6,7), rearrange positions rather than lose Tb3þ stoi-
chiometry as the AChR converts between the closed resting
and closed desensitized states. However, the three major
clusters in peaks 2, 5, and 9 in Figs. 7 and 8 each seem to
bind only half as many Tb3þ ions when the AChR converts
from the closed resting to the closed desensitized state
accounting for 10 of the 18 Tb3þ ion difference between
the two states. This loss of ionic interactions in the presence
of the agonist is reminiscent of the transition between the
taut state of Hb with a considerable number of salt bridges
in the deoxygenated state that are abolished in the liganded,
O2-bound, oxygenated state (21,22).
Speciﬁc Tb3þ sites in the AChR extracellular domain
In Fig. 8 we propose the CPK formatted, chelating-O-
containing, amino acid side chains and/or carbonyl O as
anchors of Ca2þ/Tb3þ binding sites with the green spheres
centered between the O illustrating the proposed location of
these ions in the 4 A˚ model (19). The orange space filling
amino acids in Fig. 8 are gN67, dN70, and dN208 that are
the attachment sites for complex oligosaccharides (23,24).
These are a heterogeneous group of sialylated bi-, tri-, and
tetra-antennary oligosaccharides (25) that are potential
anchors for the Tb3þ density in peak 1 some 20–30 A˚ above
the AChR extracellular domain. This is consistent with the
17 A˚ extension of the shorter N-linked carbohydrate of
Erthrina corallodendron lectin seen in its crystal structure
ACh Receptor Tb3þ Binding Sites 2645FIGURE 8 A comparison of the Tb3þ distribution (line
in the graph) in the closed resting state of the AChR
from Fig. 7 (Arabic numerals above the peaks are those
listed in Table 2) with a map (green histogram on the
graph) of potential bound Tb3þ ions (green spheres)
placed on the 4 A˚ model of the AChR selected by structural
homology to the Ca2þ sites on the acetylcholine binding
protein (yellow side chains and boxes), as well as by pairs
of carboxylate side chains (CPK format) in the 3D model
located in close proximity to one another with a Z coordi-
nate near a peak of Tb3þ density in the distribution. The
model is oriented such that an a subunit (A) is at the bottom
of the figure as viewed, the orange space-filling side chain
to the left and just above the A subunit is that of the g
subunit, and the other two orange side chains are from
the d subunit. The Tb3þ ions placed in the model are binned
in 10 A˚ groups and this distribution is displayed in the
histogram overlaid on the Tb3þ distribution graph. The
side chains of the subunit sequence numbers followed by
the amino acid one letter code selected for Tb3þ chelating
partners are indicated as pairs in green boxes in the side-
wise table at the bottom of the figure, and the position of
the boxes roughly correlates with the Z coordinate location
of the sites on the model. The orange colored side chains
are the AChR asparagines to which complex oligosaccha-
rides are attached that provide sialic acid clusters to poten-
tially chelate Tb3þ ions to the left of the protein head of the
AChR model.(26). Given the heterogeneity of the AChR complex oligosac-
charides, their electron density comparedwithwater, and their
potential crystallographic disorder, they are not apparent in
the electron density of Fig. 7 to the left of the protein density
of the AChR extracellular domain. The 1.8 Tb3þ/AChR
difference in stoichiometry in this group carbamylcholine
is difficult to rationalize in terms of the two states of the
AChR studied, but seems just a bit larger than the noise level
of the experiment (0.7 Tb3þ/AChR for this peak from
Table 2). Another consideration for the carbamylcholine-
induced changes of the Tb3þ density in this peak is that the
five best refinement solutions of Fig. 6 a in the region –110
A˚ < X < 60 A˚ individually differ from one another more
than those of the five best solutions of Tb3þ density in the car-
bamylcholine treated sample of Fig. 6 b. By both criteria
carbamylcholine seems to exert an effect on this group of
bound Tb3þ ions.
In Fig. 8 the proposed locations of the other Tb3þ ions
along the central axis (normal to the membrane), X, are
placed between pairs of COO side chains and/or carbonyl
O in close proximity to one another in the refined AChR
structure. These sites are binned in 10 A˚ groups along X,
the normal to the bilayer, and the distribution of Tb3þ in
these bins is presented as the bar graph in Fig. 8 for compar-
ison with the distribution of Tb3þ we determined experimen-
tally with the AChR in the closed resting state. The proposed
chelating amino acids are listed in the table at the bottom of
Fig. 8 as pairs in green/yellow boxes roughly according to
their location in the model along the x axis.The proposed chelating amino acids highlighted in yellow
deserve special mention. These are the amino acids of the
Torpedo a(A), g(E), and d(C) subunits homologous to the
amino acids of the ACh-binding protein (5) in contact with
bound Ca2þ ions in that crystal structure (see sequence
and structural alignment in Fig. S5). These are also homolo-
gous to the amino acids implicated in the Ca2þ potentiation
of the a7 and the a7-5HT3 chimera receptor Na
þ currents
(3). In both closed states of the AChR studied in this study,
we find at least four to five Tb3þ located at this position
along the central axis. The Ca structural homology in this
region between the binding protein and the Torpedo subunits
is evident (Fig. S5) despite differences in the side-chain
orientations in the proposed structure (19), and strongly
suggests Ca2þ sites at these positions (Fig. 8, g–j, and
Fig. S3) even though the side chains in the refined AChR
structure are not congruent with those in the binding protein
structure. In addition we have included five additional Tb3þ
sites at this level (Fig. 8, e, f, k, l, and m, and Fig. S3) that
may form from pairs of aspartate and glutamate side-chains
on the inner face of the AChR vestibule raising the total at
this level to the nine Tb3þ ions detected in peak 2 in the
closed resting state. Whether carbamylcholine causes differ-
ential Tb3þ binding to sites on the inside or on the outside
wall of the synaptic head, or from a mixture of these sites
at this level, our data do not allow us to decide, but there
is a decrease of four to five Tb/AChR at this level in the
desensitized state compared with that in the closed resting
state.Biophysical Journal 96(7) 2637–2647
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domain
The Tb3þ ions in peaks 3 and 4 of Figs. 7 and 8 (Fig. 8, n–p,
and Fig. S3) potentially are anchored by pairs of COO side
chains: (aE45, aE175), (dE47, dE189), and (aE175, gE46).
These Tb3þ ions along with those potentially anchored in the
closed resting state with the polar and COO side chains
from the extracellular Imoto ring (8): aS266, bE272,
dE280, aS266, and gE274 featured in the transmembrane
domain presented in Fig. S4 stereo pairs would seem to
mark interesting Ca2þ sites stabilizing the closed state of
the ion channel pore. It is in this region of the AChR where
the Tb3þ ion distribution changes between the closed resting
state and the carbamylcholine desensitized state without
changing Tb3þ stoichiometry.
Next the Tb3þ in peak 5 of Figs. 7 and 8 is just to the cyto-
plasmic side of the Imoto (8) intermediate ring of carboxyl-
ates presented in Fig. 8 and Fig. S4. Apart from the three
carboxylates in the intermediate ring, no other negatively
charged components from the protein or fatty acid chains
are available to balance the total þ15 charge from the five
Tb3þ ions in this cluster. Because this cluster refines in
both samples, we believe this is strong evidence in support
of a membrane component other than the protein or bilayer
holding multivalent cations in this cluster. The Unwin 4A˚
AChR structure (19) is refined with only the AChR subunit
polypeptides threaded through the electron density, so no
cations or lipids are present in the model. However,
Hamouda et al. (27) report the importance of five tightly
associated phosphatidic acids/AChR in membrane reconsti-
tuted AChR function, which lipids potentially could provide
some charge balance to the five Tb3þ ions we detect in this
most striking cluster of the closed resting state of the
AChR. In support of this is the prominent shoulder of elec-
tron density at 20 A˚ in the membrane profile (Fig. 7, red
curve) that could be evidence of a cluster of phosphate
groups from phosphatidic acid poking their heads into the
water-filled pore at this level with the fatty acid chains inter-
calated in the hydrophobic protein core of the transmem-
brane domain. The Imoto ring closest to the cytoplasm is
in a position to bind the three Tb3þ ions we find in peaks
6 and 7 in Figs. 7 and 8. In scanning the 4 A˚ model for poten-
tial nests for Tb3þ sites, we find sites between aE241 and
bE247, bD244 and dN311, and dE255 and aE241. Because
both the resting state and the desensitized state are closed
states, we are unable to tell whether these sites in the pore
are occupied in the open channel state. The presence of these
multivalent cations suggests a potential role in stabilizing the
closed states if not by directly blocking the pore, then by
stabilizing the helical components forming the lining of the
pore at these locations, and sealing the pore of the Unwin
closed state model. We are attempting to see if Tb3þ is
able to alter the gating kinetics of the ion channel by either
prolonging the mean closed time intervals in single channelBiophysical Journal 96(7) 2637–2647recordings, or just decreasing the whole cell current in
oocytes expressing the AChR much as Mg2þ was found to
perturb the AChR single channel currents (8).
The cytoplasmic domain
The three Tb3þ groups located in peaks 8, 9, and 10 of Figs. 7
and 8 lie in the region of the cytoplasmic amphipathic helices
in the 4 A˚model. However, the absence of significant portions
of cytoplasmic structural elements from the 4 A˚ model
reduces the reliability of the positioning of these sites, so we
have only indicated sites on the amphipathic helices. These
sites are most likely unfilled under physiological conditions
because of the low [Ca2þ] inside the cell. When the channel
opens allowing some Ca2þ to enter the cell, it is possible
the elevated [Ca2þ] enables Ca2þ to bind to these sites helping
to ‘‘re-close the open channel’’ although the functional effect
of mutating the E andD residues of the a subunit amphipathic
helix toK singly on the measured conductance of the mutated
channels is minimal (8). Interestingly, in our experiments car-
bamylcholine wreaks havoc on the location and stoichio-
metric Tb3þ/AChR ratios for these three sites (compare the
region from 40–90 A˚ in Fig. 6, a and b). In the closed resting
state these three sites refine relatively reliably. However, in
the presence of carbamylcholine the total stoichiometry of
13þ is reduced to ~6.5 with considerable variability in the
five best refinement positions and stoichiometry.
CONCLUSION
All the modeled sites are indicated in Fig. 8 for the closed
resting state with varying levels of confidence, but in total
they provide a plausible rationale for the Tb3þ distribution
we measure in Fig. 7. Considering the resolution and the
missing pieces of the 4 A˚ model, the agreement between the
distributions seen in the Fig. 8 bar graph and the Tb3þ distri-
bution seems reasonable. Because the model protein coordi-
nates are determined by refinement of the protein sequences
in the electron density maps at 4 A˚ resolution, the side-chains
of the model may be displaced from their optimal chelating
orientation. The magnitude and the location of the changes
of the Tb3þ distribution between the closed resting and desen-
sitized states of the AChR point to a likely role for multivalent
cations in stabilizing various functional states of the AChR,
and a likely role for them in channel gating mechanics.
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Note added in proof:An unusual nonbilayer phosphatidic acid is predicted by
Dickey and Faller (28) in the presence of the AChR transmembrane helices.
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